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A B S T R A C T

In this study, a three-dimensional tablet-like porous scaffold, comprising core-shell fibers to host proteins inside
the core, was developed. The fabrication method involved the novel combination of coaxial and wet electro-
spinning in a single setting. Poly (ε-caprolactone) was chosen as the based polymer and bovine serum albumin
was used as a model protein. These 3D tablet-like scaffolds exhibited adequate porosity and suitable pore size for
cell culture and cell infiltration, in addition to appropriate mechanical properties for cartilage tissue engineering.
The effects of different parameters on the behavior of the system have been studied and the 3D scaffold based on
the core-shell fiber was compared with that based on the matrix fiber. The core-shell structure showed superior
performance in comparison to the matrix structure by sustaining protein release kinetics at least for 12 days in
PBS. The results from in vitro cell cytotoxicity study revealed that the presented scaffold was biocompatible and
non-toxic. Coaxial electrospinning was shown to be a versatile technique in achieving the delivery of bio-
chemical signals in a controlled manner for the regeneration of cartilage. These 3D tablet-like PCL scaffolds
incorporated with protein solutions are engineered systems that closely mimic the characteristics of cartilage
tissue.

1. Introduction

Aging, trauma, and developmental disorders are the factors that
cause cartilage defects, joint pain and loss of mobility. Current treat-
ment strategies are inadequate in restoring the hyaline cartilage func-
tion and providing long-term rehabilitation. Tissue engineering holds
promise to construct engineered scaffolds which would restore optimal
function of the tissue and simultaneously regenerate the damage by
hosting cells and signaling molecules [1–6]. Among vast methods of
constructing scaffolds, the electrospinning method remains as a simple
means to produce scaffolds of ultra-fine fibers using a variety of bio-
degradable polymers. Fibrous scaffolds constructed by electrospinning,
with the advantage of structural harmony with natural extracellular
matrix (ECM), may be a viable option for tissue engineering applica-
tions.

The electrospinning method was started by using single-fluid flow
[7]. Then, more complicated spinning methods were pursued using two
or multi-component materials. In this regard, coaxial [8] and modified
coaxial [9] spinning methods were developed to provide diverse fiber
compositions. Side-by-side [10] spinning method was also introduced
to fabricate two component fibers. Unlike coaxial spinning, in this

method the polymer solutions are spun from two different nozzles,
which are place side-by-side. Therefore, both fiber components have
equal exposure on the surface. Other electrospinning methods for fab-
rication of multilayered nano and microfibers are tri-axial [11] and
modified tri-axial [12] and multiple-fluid processes [13] that are used
for special applications.

The major drawback of traditional electrospinning method in tissue
engineering is the two-dimensional structure of the fibers and inherent
low porosity of scaffolds that limit cell seeding, attachment and in-
filtration. To overcome this issue, researchers have adopted new tech-
niques, such as using special collectors [14,15]; wet electrospinning or
by employing porogen particles, which are chemical blowing agents
incorporated in the core of the fibers [14]. Wet electrospinning was first
introduced by Yokoyama et al. [16] for the lab-scale production of fi-
brous scaffolds for tissue engineering. Wet electrospinning is a simple
and effective method to produce three-dimensional (3D) sponge-like
constructs, eliminating the need for complex devices or special che-
mical additives. In this method, the conventional metallic collector is
replaced with a liquid one. In this process, the threads are submerged in
a chemical bath that is a non-solvent for the polymer which is com-
patible with the solvent used in the polymer solution [17].
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Electrospun scaffolds also have the potential application for an ef-
fective drug delivery system by virtue of the porous structure and the
concomitant large specific surface area [6,14,15]. In pursuit of im-
proving electrospun scaffolds' biological functionality, special biomo-
lecules may be incorporated, either during or after completion of the
electrospinning process. Direct inclusion of the biomolecules, generally
is achieved by two different approaches: blend electrospinning and
coaxial electrospinning. Coaxial electrospinning was developed later
that can produce fibers with different type of structures including core-
shell, nano coating and monolithic as well [18]. Drugs, proteins and
even DNA could be incorporated in the core solution to be protected
from harmful solvents of polymer solution, in addition to establishing a
controlled release regime.

So far, several efforts have been undertaken for acquiring the
methodology of preparing protein-loaded electrospun scaffolds, ap-
plying these two techniques. Although previous studies have provided
different protein release profiles from blend [17,19–21] and coaxial
fibers [19,22–29], limited attention has been paid to comparing them in
terms of sustainability to determine which method provides a more
controllable system for biomolecule release from electrospun scaffolds.

The aim of the present study is to construct poly (caprolactone)-
based 3D scaffolds incorporating biomolecules via either using the
blend electrospinning or utilization of coaxial electrospinning tech-
nique. In essence, a 3D electrospun PCL scaffold was fabricated and
characterized by high porosity and suitable mechanical properties,
which is expected to enhance cell attachment and proliferation.
Moreover, release kinetics of the loaded bovine serum albumin (BSA),
as a model protein, for the two systems were compared.

2. Materials and methods

2.1. Materials

Poly (ε-caprolactone) (PCL,Mn=80,000) and BSA were purchased
from Sigma-Aldrich. Coomassie Brilliant Blue G-250 and organic sol-
vents chloroform and dimethylformamide (DMF) were supplied by
Merck chemicals. Dulbecco's Modified Eagle Medium (DMEM), fetal
bovine serum (FBS), penicillin, and streptomycin were purchased from
Gibco. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) was obtained from Sigma-Aldrich. All other chemicals were
analytical grade and used as received.

2.2. Fabrication of 3D core-shell fibrous scaffolds

To analyze the effect of different parameters and characterization of
scaffolds, 7 different types of scaffolds were prepared by either blend or
coaxial electrospinning; the processing parameters and electrospinning
methods for each scaffold are listed in Table 1. A coaxial wet electro-
spinning system was used to fabricate the 3-D fibrous scaffolds, which is
schematically illustrated in Fig. 1. It consisted of vertical syringes
equipped with a coaxial metal needle that was connected to a positive,
high voltage source and a liquid collector basin with an electrically
grounded metal plate placed inside. A glass bath filled with the mixture
of distilled water and ethanol (1:9 v/v) was used. The selected spinneret
was a coaxial needle of 14 and 16 gauges (G) caliber for the shell and
core solutions, respectively. BSA was dissolved in distilled water
(10 mg/ml) as the core solution. The shell solution was prepared by
dissolving Poly (ε-caprolactone) in chloroform: DMF solution (70:30 (v/
v)). To study the effect of flow rate ratios between the shell and core
solution, the ratios of 3:1 and 3:0.5 were fabricated. The optimum flow
rate ratio between the shell and core solutions was 3:1 with feeding
velocity of the shell at 3 ml/h rate. The voltage gradient was adjusted
between 7 and 12 kV. The distance between tip and the liquid surface
was fixed at 7 cm and the pool depth was set at 3 cm.

To have scaffolds with the same amount of loaded protein, 100 μl of
BSA solution (10 mg/ml) was spun in each experiment. In this way, the

theoretical amount of encapsulated BSA was 1 mg in each scaffold.
Afterwards, the samples were rinsed with ethanol for 15 min and then
immediately were pressed with a single punch tablet press matrix that
was 1 cm in diameter. The fibers were compressed to reach the pre-
determined density and porosity. The tablet-like samples were dried in
a vacuum oven for 3 days at thermostatic room temperature (24 °C)
(Fig. 2).

2.3. Morphological characterization of electrospun scaffolds

2.3.1. Scanning electron microscopy (SEM)
Each scaffold was frozen in liquid nitrogen and cut uniformly into

thin film specimens. The morphologies of the electrospun fibers were
examined using scanning electron microscopy (SEM) at an accelerating
voltage of 15 kV. Prior to SEM examination, the films were sputter-
coated with gold. The average size of the structural components (fiber
diameter, porosity, etc.) was measured and reported using SEM images

Table 1
Experimental groups and sample preparation at 7–11 kV voltage.

Sample Preparation method Polymer solution Flow rate
(ml/h)

1-BSA Blend
Electrospinning

10% w/v PCL/CF & DMF + 2%
w/w BSA/Total mass

3

2-BSA Blend
Electrospinning

12% w/v PCL/CF and
DMF + 2% w/w BSA/Total mass

3

3-BSA Blend
Electrospinning

15% w/v PCL/CF and
DMF + 2% w/w BSA/Total mass

3

4-BSA Coaxial
Electrospinning

Shell: 10% w/v PCL/CF&DMF
Core: 1% w/v BSA/DI water

Shell: 3;
core:1

5-BSA Coaxial
Electrospinning

Shell: 12% w/v PCL/CF&DMF
Core: 1% w/v BSA/DI water

Shell: 3;
core:1

6-BSA Coaxial
Electrospinning

Shell: 15% w/v PCL/CF&DMF
Core: 1% w/v BSA/DI water

Shell: 3;
core:1

7-BSA Coaxial
Electrospinning

Shell: 15% w/v PCL/CF&DMF
Core: 1% w/v BSA/DI water

Shell: 3;
core:0.5

Fig. 1. Schematic representation of coaxial wet electrospinning.
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by analyzing>40 fibers. The fibers were analyzed using Image J
software. Each test was done at least 3 times.

2.3.2. Transmission electron microscopy (TEM)
The core–shell structure was verified by transmission electron mi-

croscopy (TEM). The fiber structure of the coaxial scaffolds in-
corporating BSA was examined using a ‘Philips cm300’ transmission
electron microscope, operated at 200 kV. The samples for TEM were
prepared by direct deposition of the electrospun 2-D fibers onto
Formvar carbon films on copper grids.

2.3.3. Porosity of the scaffolds
Scaffold porosity was determined by gravimetric method. This

method is simple and fast with common errors based on actual volume
measurements of scaffold which preferred for materials that cannot
withstand the high pressures used in other porosity determination
methods such as layers of nanofiber mats [30]. Scaffold porosity (ε) was
calculated using following equations [31–33]:

=
×

ρ
m(g)

A(cm ) h(cm)2 (1)

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×ε 1 ρ
ρ

100
0 (2)

where, ρ is the apparent density, m is the mass of the dried scaffold, A is
the area of scaffold, h is the thickness of scaffold, and ρ0 is the bulk
density of the scaffold. For this study, three samples of 6-BSA scaffold
with different apparent densities were selected and molded in a fix
mold with constant shape and diameter. Then, scaffolds with a diameter
of 10 mm were obtained. The scaffold's thickness was also measured
with a micrometer and the volume was calculated by measuring the
length, width, and height of the sample. After measuring the scaffold's
weight, the apparent density was calculated from Eq. (1). To calculate
the porosity, Eq. (2) was used, where ρ0 is 1.145 g/cm3.

2.4. In vitro BSA release

To determine the BSA release profile from the loaded scaffold, each
sample (with 45 mg weight) were placed in each well of a 12-well tissue
culture plate and immersed in 4.0 ml of 0.1 M phosphate-buffered
saline (PBS, pH 7.4). These plates were placed in a shaker incubator
(37 °C, 70 rpm). At predetermined time intervals, 1 ml of release
medium was collected and replenished with an equal volume of fresh
buffer medium. The concentration of BSA in collected release samples
was measured using Bradford protein assay technique [34], absorbance
was measured at 595 nm using a UV–visible spectrophotometer. Each
sample was examined in triplicate.

2.5. Mechanical properties

Compressive mechanical properties were analyzed at room tem-
perature on a dynamometric machine (Instron) equipped with a 10 kN

load cell and requiring a crosshead speed of 1 mm/min. Tubular-shaped
scaffolds (with a diameter of 10 mm) with three different porosities
were tested. The force F (kN) and extension (mm) values were recorded
throughout the tests. In addition, the apparent stress and strain values
were calculated to plot the stress-strain curve for each scaffold.
Moreover, the elastic compressive moduli were estimated using the
initial linear region of the plotted stress-strain curve.

2.6. Hydrophilicity of the scaffolds

Hydrophilicity is an important parameter of scaffolds for cell at-
tachment and proliferation in cartilage tissue engineering. The water
contact angle (WCA) was measured for the scaffolds by Dino-Lite digital
microscope analyzer. Distilled water droplets (10 μl) were carefully
dropped onto the surface of the specimen. The images of water contact
angles were recorded by a microscope camera at 0 s and 20 s after the
droplets touched the surface of the scaffold. To determine the water
contact angle of each scaffold, three different parts were selected at the
ambient temperature and the measurements were performed 8 times.

2.7. In vitro cell study

Human fibroblast cells were used to evaluate the biocompatibility of
the 3D fibrous scaffolds. Cells were cultured in DMEM (Gibco) sup-
plemented with 10% FBS (Gibco) and 1% Pen/Strep (Gibco) and har-
vested at passage 2. The scaffolds were placed in 24-well tissue culture
plate and numbers of 100,000 cells were added to each scaffold. The
scaffolds were sterilized before use by soaking in 70% ethanol followed
by several washes with PBS. For this experiment, the scaffold composed
of 15% PCL/CF and DMF were used. The scaffolds were immersed in
culture medium one day prior to cell seeding. Cells cultured in tissue
culture plate (TCP) were considered as control. The plates incubated at
37 °C and 5% CO2, and the medium was changed every 2 days. Cell
viability was assessed using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay according to the manufacturer's
protocol at day 3 and 7. The metabolic reduction of MTT to a colored
formazan by viable cell was measured at 560 nm using a spectro-
photometer (BioTek, USA). The percentage viability is expressed as:
O.D. of cells in scaffold / O.D of control ∗ 100.

The cells cultured on scaffolds were shown also by FESEM image at
day 3. The cell seeded scaffolds were washed two times with PBS and
immersed in 10% formalin. After 1 h, the scaffolds were washed with
PBS and dehydrated using series ethanol. The samples were dried at
room temperature, sputter coated with gold, and imaged by TeScan –
Mira III FESEM.

2.8. Statistical analysis

Each experiment was performed in triplicate unless otherwise spe-
cified. The results are presented as mean ± standard deviation (SD).
Experimental data were analyzed for statistical significance using a one-
way analysis of variance (ANOVA) with Turkey's post hoc analysis.

Fig. 2. Fabricated 3D scaffolds before (left) and after molding (right).
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Statistical significance was set to ⁎p-value<0.05, ⁎⁎p-value< 0.01,
and⁎⁎⁎p-value<0.001.

3. Results and discussion

3.1. Characterization of electrospun scaffolds

In coaxial electrospinning, two solutions (e.g. the polymer and
protein solutions) were simultaneously electrospun through a coaxial
syringe to generate fibers with a core-shell structure. During this pro-
cess, due to electrostatic forces, surface charges only occurred on the
outer solution, therefore the inner solution was not electrospun in-
dependently, so it had to rely on the tension of the outer solution to
form a complex jet first, and thereafter core-shell structured fibers were
formed with the evaporation of shell solvent [35]. Hence, one of the
critical parameters for a beadless electrospinning is the flow rate ratio
between shell and core.

In this study, the 3D electrospun scaffold was fabricated with wet
electrospinning method that is totally different with the structure of 2D
scaffolds. Four different SEM images were shown in Fig. 3 to illustrate
the nano-micro structures and also the porosity of the 3D scaffold. The
SEM images of a selected scaffold (6-BSA) showed relatively uniform
fiber morphology with no beads. The structure consists of micro and
nanofibers with large pore sizes (Fig. 3). The average fiber diameters for
6-BSA sample was 8 ± 1.6 μm and the average pore size of SEM
images were 105 ± 90 μm. The relatively large diameters of the
electrospun fibers might be attributed to the high viscosity of the PCL
solution, gauge of the coaxial needle and the applied voltage. More SEM
images were added to the supplementary.

Based on multiple experiments (which are not included in this
manuscript), the optimum flow rate ratio of inner to outer flow was
determined at 1:3. So the inner solution could be fully encapsulated by
the outer without any dropping, while a stable cone-jet was formed

during the whole process.
The porosity of the 3-D scaffolds could be controlled by the density

of the scaffold, thus by parameters in the compression of the scaffolds.
Three different values of porosity for scaffolds were obtained with
shape parameters that are presented in Table 2.

Fig. 4. shows the TEM images of the fibers. Actually, in TEM image
different grey levels can be defined as the difference in the electron
densities in image plane [37]. The coaxially electrospun scaffolds ex-
hibited an obvious core–shell structure for 6-BSA scaffold, indicated by
the differences in electron density between the inner core and outer
shell of the fibers. Therefore, in the coaxial electrospinning the drugs or
proteins (BSA in this study) can be incorporated in the core part of
fibers to have a desirable delivery of bioactive agents and sustained
release of them.

In general, PCL coagulates when it is in contact with water that
strongly depends on the polymer concentration and temperature [36].
However, in core-shell fibers, the whole PCL is not in contact with
water of the core, and the volume ratio of the core water to the polymer
solution is 1/3 which is not sufficient for coagulation. Moreover, the
core-shell fibers are dehydrated in ethanol bath immediately after
spinning. TEM image (Fig. 4) also showed the hollow core of the fibers
clearly.

Fig. 3. SEM images of 3-D micro and nanofibrous 6-BSA scaffold prepared by coaxial electrospinning technique. Scale bars are a) 500 μm, b) 100 μm, c) 5 μm, and d)
3 μm.

Table 2
Production of different 3D-scaffolds from 6-BSA with different porosities.

Sample Apparent density (g/cm3) Shape parameters Porosity

6-BSA 0.370 ± 0.024 D = 10 mm, h = 1 mm 70 ± 2.3%
6-BSA 0.184 ± 0.109 D = 10 mm, h = 2 mm 85 ± 1.08%
6-BSA 0.0807 ± 0.014 D = 10 mm, h = 7 mm 95 ± 2.05%
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3.2. In vitro BSA release

Fig. 5 shows the cumulative protein release profile from the matrix
structure scaffold, with different polymer contents (1-BSA, 2-BSA, and
3-BSA). For all three groups, an initial burst release followed by the
slow release rate of BSA. As the polymer content in the fiber increases,
BSA release rate decreases.

Compared with coaxial electrospinning, blend electrospinning is
easier to perform, nonetheless biomolecules (e.g., proteins) may lose
their bioactivity because of structural changes induced by the organic
solvent. As coaxial electrospinning utilizes separate channels for the
two solutions (i.e. the organic polymer and aqueous biological solu-
tions) it was postulated to be beneficial in maintaining the functional
activity of biomolecules. Though, it may not be straightforward to set

the parameters which guarantee a stable coaxial electrospinning in
order to form a uniform fibrous structure due to differences in the
conductivities and viscosities of the two solutions. (Fig. 6).

Fig. 7 shows the cumulative protein release profile from the core-
shell structure scaffolds with different polymer contents, (4-BSA, 5-BSA,
and 6-BSA). For all three groups, an initial burst release was observed.
BSA release was significantly affected by the initial concentration of
PCL in the shell solution. The release approached 100%, 91.31%, 72.5%
for 10% PCL, 12% PCL, 15% PCL scaffolds, respectively, in 12 days. As
expected, by increasing the polymer content in the shell, BSA release
rate decreases.

The results showed different protein release profiles from various
types of BSA loaded electrospun scaffolds. The burst release may be
related to the migration of BSA during dehydration to the fiber surface
[38]. When the loaded scaffolds are located in the aqueous environ-
ment, the high solubility of BSA may lead to rapid release [39]. After
the burst release stage, the core-shell electrospun scaffolds (4-BSA, 5-
BSA, and 6-BSA) showed a more sustained release in comparison to the
blended fiber scaffolds (1-BSA, 2-BSA, and 3-BSA).

Rapid initial release or burst release is attributed to the fraction of
the drug which is adsorbed or weakly bound to the large surface area of
the polymer fibers rather than to the drug incorporated into the
polymer fibers. The post-release SEM images from 6-BSA (Fig. 8) illu-
strated the morphological changes in the electrospun fibers after
21 days of BSA release. As shown, the fibers in the coaxial electro-
spinning scaffold shrunk with respect to their previously smooth cy-
lindrical shape. The average diameters of the fibers in 6-BSA scaffold
were measured at day 1 and day 21 post release based on SEM images
using Image J software. It was shown that the average fiber diameter
decreased from 8 ± 2 μm to 3.5 ± 2 μm from day 1 to 21 which
confirms the shrinkage of the fibers during time. The shrinkage of the
hollow fibers during time was also shown in previous studies by Jiang
et al. [25]. The SEM image of fibers post release with lower magnifi-
cation was provided in supplementary information.

Fig. 9 compares the cumulative protein release profile from the
scaffolds with different structures being matrix (3-BSA) and core-shell

Fig. 4. TEM images of a coaxial fiber of 6-BSA scaffold. The core shell structure
was shown in different grey level. Scale bar is 200 nm.

Fig. 5. Cumulative release profile of BSA protein from electrospun scaffolds when BSA was blended in the polymer solution. The amount of loaded BSA is 2% w/w.
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Fig. 6. Schematic of a) matrix structure and b) core-shell structure.

Fig. 7. Cumulative release profile of BSA protein from core-shell electrospun scaffolds when BSA was loaded in the fiber core. The amount of loaded BSA is 2% w/w.

Fig. 8. SEM image of the coaxial electrospun scaffold with BSA incorporation after release study. Scale bars are 5 μm (left) and 1 μm (right).
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(6-BSA). An initial burst release was compared within 8 h, which was
19% and 31% for the core-shell and matrix structure, respectively. In
this study, the burst release of BSA from 3-BSA scaffold, in which the
protein was mixed in the polymer solution, was about 45%, while the
initial burst release from 6-BSA scaffold with core-shell fibers was about
25%. Beside lower burst release of proteins from 6-BSA scaffold, more
sustained release was achieved in comparison to 3-BSA construct. The
presented results revealed that the release profile of BSA is significantly
influenced by structure of the fibers. The protein release rate from the
matrix scaffold is higher than that from the core-shell scaffold.

Fig. 10 shows the cumulative protein release profile from the core-
shell structure scaffolds with different core flow rates (6-BSA and 7-
BSA). This figure revealed that the release profile of BSA is significantly
influenced by core flow rate of the fibers. As core flow rate is increased,
the loading efficiency increases. Hence, scaffold with the flow rate ratio
of 3:1 showed more controllable manner for BSA release in compare
with the scaffold with the flow rate ratio of 3:0.5.

3.3. Mechanical properties of 3-D coaxial electrospun scaffolds

Mechanical properties of tissue engineered scaffolds are crucial for
in cartilage regeneration. The peak force burdened to knee cartilage
during normal physiological loading ranges from 1.9 to 7.2 times body
weight [40], which corresponds to approximately 0.84 to 3 MPa for an
average person (70 kg). In this study, 3-D electrospun scaffolds with
various densities and porosities based on different compaction condi-
tions were characterized. Compressive Young's modulus was de-
termined as slope of the linear region (up to 20% strain) in a stress-
strain curve. The average compressive Young's modulus of electrospun
scaffolds with different porosities are shown in Table 3. By increasing
the compaction forces for making scaffolds, the Young's modulus of the
construct increases. This is in accordance with decrease in the pore
sizes. Essentially, the cartilage defect size and position guides the
characteristics of the proper scaffold for the practice. Accordingly,
different characterized scaffolds may be fabricated with customizable
mechanical properties to meet the clinical demands.

3.4. Analysis of scaffold hydrophilicity

The surface hydrophilicity of the electrospun fibers plays a domi-
nant role in determining a scaffold as a drug delivery vehicle or a tissue
engineering scaffold [41]. Water contact angle analysis is a conven-
tional method to examine the hydrophilicity of fibrous scaffolds. As it is
shown in Fig. 11, WCA of 3-D 6-BSA scaffold with 80% porosity is
72.90 ± 1.12° at t= 0 s and 61.02 ± 1.04° at t= 20 s, which implies
that these 3-D scaffolds, have attained an appropriate hydrophilicity in
contrast to traditional 2-D PCL scaffolds with WCA of> 100° reported
in previous peer-reviewed studies [42,43]. To confirm that the observed
hydrophilicity does not relate to the loaded BSA, the WCA was mea-
sured for unloaded scaffolds as well. The results of WCA for loaded and
unloaded scaffolds were the same as the amounts of 72.90 ± 1.12° at
t = 0 s and 61.02 ± 1.04° at t = 20 s. Although BSA can increase the
hydrophilicity of the structure, here because the protein is loaded in the
fiber core, the difference in the WCA amount of loaded and unloaded
scaffold was not detected.

3.5. Cell viability

Fig. 12 shows the results of MTT assay at day 3 and 7 after cell
seeding on 3D PCL scaffold. The percentage of cell viability (compared
to cells cultured in TCP) is 81% and 100% at day 3 and 7, respectively
which showed the construct non-toxic. The increase of cell viability
from day 3 to day 7 may be attributed to the cell proliferation on the
scaffolds during time. The FESEM image of seeded cells on the PCL
scaffold is shown in Fig. 12–b & cafter 3 days of culture. The attachment
of cells on the scaffold fibers confirmed that the produced structure is
biocompatible which is in accordance with the MTT results.

4. Conclusion

Protein-loaded 3-D electrospun scaffolds were prepared using blend
and coaxial wet electrospinning techniques for cartilage tissue en-
gineering. Morphologically, these 3-D scaffolds exhibited a uniform
fiber structure with suitable pore size. The 3-D tablet-like scaffolds were

Fig. 9. Cumulative release profile of BSA from matrix (3-BSA) and core-shell (6-BSA) structure system with the same polymer concentration (15% w/v of PCL/CF&
DMF) and operating conditions.
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expectedly superior to the conventional 2-D PCL scaffolds with respect
to porosity and hydrophilicity for cell attachment and proliferation.
Dictated by the cartilage defect size and position, scaffolds with

customized size and porosity could be constructed with desirable me-
chanical properties proportionate to the native tissue demands. The
release profiles of BSA from different scaffolds were evaluated and
compared. The coaxial scaffolds showed more sustained release profiles
in comparison to their counterpart blend scaffolds. Moreover, the in
vitro cell cytotoxicity assay revealed that the constructed scaffold was
biocompatible and non-toxic. Therefore, coaxial electrospinning re-
presents a promising method for protein incorporation with preserva-
tion of biological activity of the loaded protein in the scaffolds. These
protein loaded 3-D PCL scaffolds may serve as an appropriate controlled
release engineered system for cartilage regeneration.

Fig. 10. Cumulative release profile of BSA protein from coaxial electrospun scaffolds. The core flow rate for 6-BSA and 7-BSA scaffolds are 1 and 0.5 mL/h,
respectively.

Table 3
Compressive Young's modulus versus porosity of the 3-D scaffold for three
different samples.

Sample Porosity (%) Young's modulus (MPa)

1-BSA 70 ± 2.3 5 ± 0.68
2-BSA 85 ± 1.05 1.5 ± 0.42
3-BSA 95 ± 2.05 0.3 ± 0.08

Fig. 11. WCA of 6-BSA scaffolds from 0 s to 20 s.
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